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Abstract - - - Multifilamentary (Nb,Ti)3Sn superconducting 
wires with reinforcing stabilizer of CuNb composite, 
CuNb/(Nb,Ti),Sn, were developed. The outstanding point is 
that the 0.2 % proof stress at 4.2 K in CuNb/(Nb,Ti),Sn was 
extremely improved to 320 MPa even after the heat treatment at 
670 "C for 192 hours, which is 1.8 times higher than that in 
ordinary Cu/(Nb,TihSn. Theoverall J, value in CuNbl (Nb,Ti&Sn 
was obtained to be 110 A/"* at 16 T and 4.2 K. These results 
show that the bronze processed multifilamentary (Nb,T&Sn 
superconducting wire with CuNb reinforcing stabilizer is actually 
employable for a high field superconducting magnet. 
I. INTRODUCTION 
Magnetic field is one of the most useful tools of 
condensed matter science as well as temperature, pressure, 
and electric field. In particular, high magnetic fields are 
required to explore superconducting characteristics in high-T, 
oxide superconductors. [ 11 To generate intense magnetic 
fields, the most important subject is how the huge 
electromagnetic force can be dealt with in the magnet. 
Development of highly strengthend superconducting wires 
will lead to realize a high field superconducting magnet. 
Applications of the reinforcement to Nb,Sn conductors 
have been investigated for a practical superconducting magnet. 
[2-41 Recently, large size superconducting magnets tend to 
be built, [3,5] requiring both reinforcing materials and small 
effective current densities reduced by the reinforcement. A 
compact high field superconducting magnet is convenient and 
appropriate for physical experiments on a laboratory scale. 
When the wind and react technique is used for compact size 
magnets, strengthened superconducting wires withstanding a 
reaction heat treatment are of much interest, because annealing 
at about 700 "C for many days in Nb,Sn compound formation 
will be carried out after winding, for instance. 
Due to the thermal and magnetic stability in magnet 
operation, a new superconductor structure with reinforcing 
stabilizer which plays two roles of reinforcement and 
stabilization is promising. Further, high overall current 
densities are desirable to reduce weight and volume of 
superconducting magnets. From such a standpoint, we 
concentrated on CuNb composites as a candidate of 
highly strengthened material. [6] It has been verified that 
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multifilamentary Nb,Sn wires with Cu-15 wt.%Nb 
reinforcing stabilizer have enough mechanical and 
superconducting properties in high fields. [7,8] In this paper, 
we report on the excellent performance in bronze processed 
multifilamentary Ti added Nb,Sn wires with CuNb composites, 
CuNb/(Nb,Ti),Sn. To improve the strength and the critical 
current I,in Nb,Sn wires, higher Nb concentration from Cu-15 
wt.% Nb to Cu-20 wt.% Nb and Ti addition into Nb cores in 
Nb,Sn fabricated by a 13 wt.% Sn full bronze route were 
intended. The mechanical characteristics including the stress- 
strain measurements as well as the strain effects on I, in both 
Cu/(Nb,Ti),Sn and CuNb/(Nb,Ti),Sn wires are described. 
11. EXPERIMENTAL 
A Cu-20 wt.% Nb composite cold-worked with the 
area reduction ratio R of 1.9X lo6 exhibits yield stress (0.2 
% proof stress) of + 770 MPa at room temperature. The 
relationship between the yield stress and annealing time at 
high temperature in CuNb composites must be examined 
beforehand. Figure 1 shows that a Cu-20 wt.%Nb composite 
has the excellent yield stress of - 230MPa even after 
Cu-20wt.%Nb annealed at 670°C 
T=room temperature 
Fig. 1 0.2 % proof stress at room temperature as a function 
of annealing time at 670 "C in a Cu-20 wt.% Nb composite 
wire. Annealing temperature of 670 "C was selected, being 
the requested heat treatment for (Nb,Ti),Sn. 
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Fig. 2. Magnetoresistance at 4.2 K as a function of magnetic 
field in a Cu-20 wt.96Nb composite wire. 
annealing at 670 "C for 240 hours, which is the typical heat 
treatment for (Nb,Ti),Sn compound formation, in contrast with - 80 MPa in full annealed Cu. 
The magnetoresistance in the Cu-20 wt.%Nb composite 
annealed at 670 "C for 240 hours is shown in Fig. 2. Although 
the CuNb composite has the relatively low residual resistance 
ratio RRR of -20, the magnetoresistance of CuNb at 4.2 K 
in high fields is only about three times that of Cu with RRR=lOO. 
Therefore, Nb,Sn wires with CuNb composites are expected 
to be a new superconducting composite with high strength 
which will withstand the heat treatment. 
Then the following superconducting wires are prepared. 
The characteristics of Cu/Nb,Sn, Cu/(Nb,Ti),Sn, and 
CuNb/(Nb,Ti),Sn wires are listed in Table 1. Each 
multifilamentary superconducting wire was prepared under 
the condition of the same filament size and its configuration 
inside a Ta barrier. The outer stabilizer consists either of 
conventional entire pure Cu or of a pure Cu shell surrounding 
a Cu-20 wt.%Nb composite. To improve the upper critical 
Fig. 
and 
3. Cross sectional view of (a) C u W S n  or Cu/(Nb,Ti),Sn 
(b) CuNb/(Nb,Ti),Sn wire. 
field B,, and the critical current density J, , a 1.2 wt.% Ti 
addition into the Nb core was adopted. [9] The optimum 
reaction heat treatment in (Nb,Ti),Sn was performed at 670 
'C for 192 hours, and in W,Sn at 750 "C for 192 hours. 
Figure 3 shows cross sectional views of bronze 
processed multifilamentary (Nb,Ti),Sn wires with a Cu 
stabilizer and a CuNb reinforcing one. Nb cores were fully 
reacted and Nb,Sn compounds were entirely formed without 
unreacted Nb cores. 
The yield stress at room temperature in the absence of 
magnetic field was measured by a tensile-testing machine. A 
gauge length of 40 mm and a loading speed of 0.5 mm/min 
were selected. The mechanical properties at 4.2 K in fields 
were obtained by use of a strain effect measuring apparatus 
[lo] which enables us to investigate short straight samples 
within 40 mm in length by supplying axial load of < 50 kg, 
transport current of e 200 A, and magnetic field of < 15 T. 
The axial strain was detected by an extensometer using a 
gauge length of 17.5 mm. The critical current IC was 
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determined by an electrical field criterion of 1 pV/cm. 
111. RESULTS AND DISCUSSION 
Figure 4 shows the critical currents at 4.2 K .in high 
fields up to 23 T in straight short samples for the three type of 
materials under investigation. One notices that the Jc properties 
in Cu/(Nb,Ti),Sn are surely improved in comparison with 
those in Cu/Nb,Sn, and the typical non-copper Jc value is 
about 260 A/mm2 at 16 T. Overall J, value in Cu/(Nb,Ti),Sn 
is 140 A/"' at 16 T. On the other hand, the CuNb/(Nb,Ti),Sn 
wire represents slightly lower J, properties than Cu/(Nb,Ti),Sn, 
and exhibits overall Jc=l 10 A/mm2 at 16 T. This is because 
CuNb/(Nb,Ti),Sn has larger prestrain than Cu/(Nb,Ti),Sn, 
which will be discussed later. 
Figure 5 shows the stress-strain curves at 4.2 K in 
Cu/Nb,Sn, Cu/(Nb,TiXSn, and CuNb/(Nb,Ti),Sn wires. 
Closed circle corresponds to a point from under load to loosing 
load. The yield stress was determined as the 0.2 % proof 
stress as already mentioned. The obtained results of each 
yield stress at 4.2 K in Cu/Nb,Sn, Cu/(Nb,Ti),Sn, and 
CuNb/(Nb,Ti),Sn are 180,170, and 320 MPa, respectively. 
Namely, the yield stress at 4.2 K in CuNb/(Nb,TiXSn is 
significantly improved and is about 1.8 times higher than that 
in Cu/(Nb,Ti),Sn or Cu/Nb,Sn. 
Figure 6 represents the normalized critical current, IC&, 
as a function of axial strain at 14 T and 4.2 K. The strain 
effect of IC depends on the residual strain state. Each peak of 
the curves reflects the strain free state, and the value of the 
prestrain at zero applied axial strain is derived from each 
curve. The measured prestrains are 0.44 %, 0.35 %, and 
Fig. 4. Transport critical current as a function of magnetic 
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Fig. 5. Stress-strain curve at 4.2 K. (a) Cu/Nb3Sn, (b) 
Cu/(Nb.TiLSn. and (c) CuNb/(Nb.TiMn. 
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